In order to delineate the neuroanatomical correlates of speech motor control, functional magnetic resonance imaging was performed during silent repetitions of the syllable "ta" at three different rates (2.5, 4.0, and 5.5 Hz). Spatial extent and magnitude of hemodynamic responses at the level of the motor cortex showed a positive correlation to production frequencies. As concerns the basal ganglia, the lower rates (2.5 and 4.0 Hz) gave rise to higher magnitudes of activation within the left putamen as compared to the 5.5 Hz condition. In contrast, cerebellar responses were rather restricted to fast performance (4.0 and 5.5 Hz) and exhibited a shift in caudal direction during 5.5 as compared to 4.0 Hz. These findings corroborate the suggestion of a differential impact of various cortical and subcortical areas on speech motor control.
INTRODUCTION
Speech production requires smooth coordination of orofacial, laryngeal, and respiratory muscles. Clinical data indicate initiation and precise execution of articulatory movements depend upon the integrity of various neural subsystems such as the motor cortex (MC), the supplementary motor area (SMA), the basal ganglia and the cerebellum. Reduced spontaneous verbal communication, in the presence of unimpaired language comprehension, verbal repetition, and speech articulation, has been observed subsequent to lesions of the supplementary motor area (SMA; Jonas 1981) . Dysfunction of the basal ganglia may give rise to lowered voice volume (hypophonia) concomitant with normal or even accelerated speech tempo (Ackermann and Ziegler, 1991; Ackermann, 1999) . Patients with ataxic dysarthria of a cerebellar origin exhibit slowed speaking rate with predominant lengthening of unstressed syllables, sometimes associated with voice tremor or irregular pitch shifts (Ackermann and Hertrich, , 2000 Fiez and Raichle, 1997) . Finally, spastic dysarthria due to bilateral lesions of the motor cortex or corticobulbar tracts is characterized by slowed speech tempo, hypernasality due to insufficient velar elevation, tongue retraction, increased constriction of the pharynx, and hyperadduction of the shortened vocal folds (Ziegler and von Cramon, 1986) .
Syllable repetitions performed as fast as possible (oral diadochokinesis) have been proven a valid probe of maximum speaking rate, being an important measure of articulatory performance (Fletcher, 1972) . As a rule, oral diadochokinesis is unimpaired in Parkinson's disease. A subgroup of patients even show increased repetition rates, i.e., the hastening phenomenon (Ackermann et al., 1993 . In contrast, reduced maximum syllable repetition rates may emerge both in ataxic as well as in spastic dysarthria (Ackermann and Hertrich, 2000; Ziegler and von Cramon, 1986) . Whereas, however, complete anarthria and aphonia have been noted after extensive damage to the corticobulbar tracts (Ziegler and von Cramon, 1986; Alexander et al., 1989) , syllable production rate does not seem to fall below 3 Hz in cerebellar dysfunction (Hertrich and . Based on these clinical observations, a differential contribution of MC, SMA, basal ganglia, and cerebellum to speech motor control, as evaluated by oral diadochokinesis tasks, must be assumed.
Further evidence for rate-dependent activation of the areas referred to, stems from previous functional imaging studies on repetitive movements of the distal upper limbs. As a rule, hemodynamic activation of the contralateral motor cortex shows a positive correlation to the frequency of finger movements (Sadato et al., 1996 (Sadato et al., , 1997 Blinkenberg et al., 1996; Turner et al., 1998) . In contrast, responses within the SMA failed to show similar effects (Blinkenberg et al., 1996; Turner et al., 1998) or even exhibited an inverse relationship (Sadato et al., 1996) . Investigations of the influence of repetition rates on cerebellar activation yielded discrepant findings: some studies reported a positive correlation to the frequency of finger movements (Sadato et al., 1996; Turner et al., 1998) , whereas other authors did not find a significant influence of movement rate (Blinkenberg et al., 1996) .
In order to further delineate the contribution of the various cerebral structures supporting speech motor control under varying temporal constraints, brain activation was evaluated by means of functional magnetic resonance imaging (fMRI) during oral syllable repetitions at different production rates.
MATERIALS AND METHODS
Ten right-handed native German subjects (five males, five females; age 22-32 years) participated in the present study. None of them reported a history of any neurological or psychiatric diseases. Informed consent had been obtained according to the Institutional Review Board of the University of Tü bingen. Handedness was assessed by means of the Edinburgh Inventory (Oldfield, 1971 ) using a lateralization index Ͼ70% as an inclusion criterion. Subjects were asked to produce repetitions of the syllable "ta" at three different rates (2.5, 4.0, and 5.5 Hz), performance being paced via earphones by recorded trains of the syllable "ta" at the respective repetition frequencies. In order to minimize movement artifacts, all tasks were carried out silently (covert or inner speech mode), subjects' heads being secured by a foam rubber pad. This procedure had been proven valid as a means of evaluating speech motor control in several previous investigations (Yetkin et al., 1995; Wildgruber et al., 1996 Ackermann et al., 1998; Riecker et al., 2000) . fMRI data were acquired using a multislice echoplanar imaging sequence (27 slices, 4-mm thickness, 1-mm gap, TR 5 s, ␣ 90°, FOV 192 mm, 64 2 matrix) implemented on a 1.5 T whole body scanner (Siemens Vision). High-resolution images obtained with a T1-weighted 3-D-Turbo-Flash-Sequence (MP-Rage, 128 slices, 1.5-mm thickness, TE 4 ms, TR 9.7 ms, FOV 256 mm, 256 2 matrix) served as an anatomical reference. The experiment was carried out in a block design: Each session of continuous data acquisition comprised eight successive blocks of 10 measurements alternately carried out during rest and task administration. The different tasks were performed in separate sessions, with a counter-balanced order of production rates across participants.
Since previous fMRI studies (Wildgruber et al., 1997) had revealed a delay of hemodynamic responses extending from approximately 3 to 6 s, the first measurement after each switch between rest and activation was discarded from further analysis. Postprocessing of functional images relied on the SPM software package (Welcome Department of Cognitive Neurology, London, UK). For the sake of movement correction, fMRI images were realigned using the first scan of each session as a reference. The averaged fMRI images of each subject were coregistered with the respective anatomical data. As a prerequisite to normalization to a standard stereotactic space (Evans et al., 1991) , the anatomical data sets were coregistered to the T1-template and the calculated transformation matrix applied to the fMRI images. Prior to statistical evaluation of group data, a 10-mm Gaussian filter was applied to the functional images. Realignment, coregistration and smoothing was performed with SPM96. Statistical evaluation, comprising two different approaches of data analysis, relied on SPM99 using a box-car reference function.
(a) Categorical analysis: Images obtained during each of the three tasks were compared separately to the respective baseline across all subjects. Thus, three activation maps were obtained displaying the distribution of significant hemodynamic responses at the three repetition rates considered ( Table 2 ).
(b) Parametric analysis of rate-and time-dependent effects: The rate of syllable production was used as a covariate of a parametric analysis to discriminate between the main effect of responses across all tasks and activation that is linearly correlated to the production frequency (Figs. 3 and 4, Table 2 ). In order to evaluate temporal changes of hemodynamic responses across the four subsequent blocks of task administration, a second parametric analysis was carried out, with time as a covariate (Fig. 5 ).
All steps of statistical analysis considered a height threshold of T Ͼ 3.09 (P Ͻ 0.001) at voxel level. In order to correct for multiple comparisons, an extensionthreshold was applied at cluster level (P Ͻ 0.05, corrected, k Ͼ 53). Since missing "significant" hemodynamic responses within a certain region might simply reflect threshold effects due to low spatial extent, as observed within the basal ganglia in prior studies , an activation map for the main effect of syllable production was also calculated at P Ͻ 0.001 (uncorrected) without thresholding at cluster-level (T Ͼ 3.09, k Ͼ 0). The resulting activation maps are more susceptible to artifacts but might provide more detailed information about hemodynamic responses bounded to comparatively small areas of neural tissue. For anatomical localization of significantly activated areas, the fMRI maps were superimposed on the structural MR images averaged across all subjects.
RESULTS
Categorical analysis of group data revealed a significant hemodynamic response of the superior temporal gyrus (STG) and the precentral region during all task conditions ( Fig. 1, Table 1 ). Given the limits of topographic analysis on the basis of gyral anatomy (Rademacher et al., 1992) , the activation cluster at the level of MC seems to encompass both the premotor area, i.e., lateral aspects of Brodmann area (BA) 6, as well as the primary motor area (BA 4). In contrast, cerebellar activation was restricted to 4.0 and 5.5 Hz. The latter two tasks elicited bilateral responses within superior paravermal regions extending symmetrically into the superior intermedio-lateral aspects of the posterior cerebellar lobe (lobulus simplex), i.e., H VI according to the taxonomy of Larsell (Larsell and Jansen, 1972; Schmahmann et al., 2000) . As compared to 4.0 Hz repetitions, the 5.5 Hz responses showed a more pronounced extension in caudal direction, whereas the cranial part of the activation clusters basically covered the same bilateral area within the cerebellar hemispheres (Fig. 1, Table 1 ). Analysis of activation differences via the subtraction approach corroborated the findings of frequency-dependent activation within the cerebellum. Comparing 5.5 with 2.5 Hz showed significant differences of hemodynamic responses to be restricted to the bilateral cerebellar hemispheres. A more cranial activation within a single cluster covering vermal and paravermal regions resulted from the subtraction of 2.5 from 4.0 Hz (Fig. 2, Table 2 ), while a direct comparison of 5.5 with 4.0 Hz as well as all subtractions in opposite direction, i.e., 2.5 Hz-4.0 Hz, 2.5 Hz-5.5 Hz, 4.0 Hz-5.5 Hz, did not reveal significant differences.
Parametric analysis with respect to syllable production frequency yielded main effects across all tasks within bilateral MC, STG, and cerebellum. In the absence of an extension threshold, additional clusters of activation emerged within SMA and left putamen (Fig.  3, Table 1 ). Considering the amplitudes of hemodynamic responses at local activation maxima within each cluster revealed an increase of response magnitude in parallel to syllable production rates at the level of SMA and bilateral MC (Fig. 3) . In contrast, activation within the left putamen showed a maximum during 4.0, and a minimum during 5.5 Hz. The same pattern of responses, but to a less pronounced degree, was observed at the level of the right STG, whereas no effect of syllable production rate on response magnitude emerged within left STG. Cerebellar activation, in FIG. 1. fMRI activation within the central motor system during covert syllable repetitions at three different frequencies displayed as maximum intensity projection into a glass brain (MIP; left column) and superpositioned upon three transversal planes. The distance to the intercommisural plane is given above the respective columns. Averaged anatomical images across all subjects are used as anatomical reference (SPM 99, n ϭ 10, P Ͻ 0.05 corrected, T Ͼ 3.09, k Ͼ 53).
contrast, showed a threshold phenomenon with almost no signal increase during 2.5 Hz and basically similar magnitudes of responses during 4.0 and 5.5 Hz syllable repetitions. Evaluation of rate-dependent effects revealed two symmetrically localized clusters within the cerebellum (H VI), matching the activation cluster obtained by subtraction of 5.5 Hz-2.5 Hz, that were characterized by a linear signal increase in parallel to syllable production rate (Fig. 4, Table 2 ). Analysis of the magnitude of hemodynamic responses within this region revealed negative effects, i.e., a drop below baseline, during syllable production at 2.5 Hz. No areas with a significant signal decrease correlated to increasing production frequencies could be detected.
As concerns the changes of activation across time, no region showed significant signal increase across subsequent blocks of task administration. In contrast, two areas exhibited a linear decrease of response magnitude, one of them being localized at the level of the left mesial superior frontal gyrus and the other one within right STG (Fig. 5, Table 2 ).
DISCUSSION
Activation of the motor cortex, including premotor (lateral BA 6) and primary motor (BA 4) areas during covert syllable repetitions at all evaluated frequencies is in accordance with clinical observations of deficient articulatory performance after damage to this region (Alexander et al., 1989) . In line with the assumption that MC supports lower-level aspects of speech motor control, the response magnitude showed a rate-related Note. T values and corresponding P values, corrected for multiple comparisons at voxel-level, represent activation maximum within each region. The number of activated voxels within each activation-cluster is given in italics. Brodmann-areas (BA) and SPM-coordinates are printed in square brackets. MC, motor cortex; SMA, supplementary motor area; PUT, putamen; CBL, cerebellum; STG, superior temporal gyrus; x 1-4 : indicates activation clusters extending to different regions (SPM99; n ϭ 10; T Ͼ 3.09).
FIG. 2. Subtraction analysis:
Significant differences of hemodynamic responses during syllable productions at different rates as obtained by pairwise subtraction of task conditions. Results are displayed as a maximum intensity projection into a glass brain (SPM 99, n ϭ 10, P Ͻ 0.05 corrected, T Ͼ 3.09, k Ͼ 53).
increase. Similar results have been obtained in previous studies during repetitive finger movements (Blinkenberg et al., 1996; Sadato et al., 1996 Sadato et al., , 1997 Turner et al., 1998) . In accordance with prior observations, responses within the precentral gyrus showed a lateralization to the left hemisphere (Wildgruber et al., 1996; Ackermann et al., 1998; Riecker et al., 2000) . This lateralization effect, however, decreases with rising syllable rates.
The observed asymmetry of activation at the level of the basal ganglia towards the left putamen is in good accordance with clinical observations of articulatory impairment and reduced voice volume after left-sided subcortical infarction or hemorrhage (Alexander et al., 1987) as well as PET studies investigating repetitions of single words (Wise et al., 1999) . The decreased response within the putamen during the fastest production rate might indicate this structure to be specifically involved in the control of articulatory movements at lower frequencies. The clinical observation of accelerated speech tempo in patients with dysfunction of the basal ganglia supports this assumption (Ackermann and Ziegler, 1991; Ackermann et al., 1993 .
As compared to the putamen, an opposite pattern of activation with respect to the influence of syllable production rates emerged within the cerebellum. Absence of cerebellar responses during slow syllable repetitions is in line with the clinical observation that maximum production rate does not seem to drop below 3 Hz in patients suffering from ataxic dysarthria . These findings, thus, give support to the suggestion of a specific cerebellar contribution to speech motor control under time-critical conditions. The localization of cerebellar activation within Larsell's H VI during higher repetition frequencies is in accordance with the representation of tongue and lip muscles as observed in prior fMRI experiments .
An increase of spatial extension of cerebellar responses in caudal direction concomitant with a shift of activation maxima depending on syllable rate-in contrast to basically identical localization of activation maxima within MC and STG-has, to our knowledge, not yet been reported. Conceivably, different patterns of speech muscles are activated at the repetition rates considered. The observed shift of activation, thus, might reflect a somatotopic organization of the respective muscles within H VI. On the other hand, the observed pattern of responses could indicate a variable cerebellar representation of speech motor control of the same muscle groups under different temporal demands. With respect to upper limb movements, ratedependent activation of the cerebellar vermis and intermediate zone, in addition to rate-independent activation within the anterior lateral cerebellum, has been observed during a visuomotor tracking task (Turner et al., 1998) . These observations support the Note. T values and corresponding P values, corrected for multiple comparisons at voxel-level, provide a means of the activation maximum within each region. The number of activated voxels within each activation-cluster is given in italics. SPM-coordinates are printed in square brackets. x 1-2 , indicates activation clusters extending to different regions (SPM99, n ϭ 10, P Ͻ 0.05 corrected, height threshold T Ͼ 3.09, k Ͼ 53).
FIG. 3. Parametric analysis of hemodynamic activation:
The main effect of syllable production across all three different rates using the statistical threshold of P Ͻ 0.001 at voxel level and no threshold at cluster level is shown as a maximum intensity projection into a glass brain.
Localization of the highest activated voxel within each activation-cluster is displayed on transversal slices of the averaged anatomical reference images. SPM-coordinates are given in square brackets. The size of effect and the variance of signal intensity within the respective voxel as calculated in arbitrary units by SPM is given for all three different production frequencies (SPM 99, n ϭ 10, T Ͼ 3.09, P Ͻ 0.001 uncorrected).
concept of a functional compartmentalization of the cerebellum with medial territories being involved in controlling movement kinematics and lateral areas contributing to higher aspects of motor control. Repetitive production of a single syllable paced within the range of normal speech rates seems to represent a very simple task. The rather low amplitude of hemodynamic responses at the level of the supplementary motor area and the absence of significant responses within the anterior cingulate gyrus might reflect the rather moderate attentional demands of the task. In accordance with this suggestion, prior functional imaging experiments have shown the degree of activation within SMA and ACG to depend upon the complexity of the task rather than the speed of word production or finger movement sequences (Gordon et al., 1998; Boecker et al., 1998; Deiber, 1991 Deiber, , 1999 . As concerns the upper limb, moreover, activation of the mesial motor areas has been shown to be more extensive during self-initiated than externally triggered movements (Deiber et al., 1999) . To further evaluate the contribution of SMA and anterior cingulate gyrus to speech motor control, studies exploring self-initiated as opposed to paced speech production might prove valuable.
Because of the simplicity of the tasks administered, relevant practice effects were not expected. However, parametric analysis across time showed a strong decline of hemodynamic activation within the mesial aspect of the left superior frontal gyrus (BA 9), an area that exhibited a decrease of activation in parallel to the improvement in production speed during sequencing of word strings in a prior experiment . Silent speech production does not provide the opportunity to monitor behavioral changes throughout task performance. Therefore, practice effects in terms of increasing synchronicity of syllable production with the pacing signal cannot be ruled out. In line with the suggestion that the anterior mesiofrontal cortex subserves preparatory aspects of voluntary action (Stuss and Benson, 1986; Posner and Dehaene, 1994) , the FIG. 5. Analysis of time-dependent activation: A parametric analysis using time as a covariate was performed in order to identify significant linear changes of signal intensity during subsequent epochs of task administration. As shown by the maximum intensity projection into the glass brain, two areas exhibited a significant linear signal decrease across the four epochs of syllable production at each of the production rates. SPM-coordinates are given in square brackets. The size of effect and the variance of signal intensity within the respective voxels as calculated in arbitrary units by SPM is given for all four epochs of each task. Note that responses within the left superior frontal gyrus (upper panel) are positive at the beginning of the measurement session and show increasing amplitudes in negative direction during the second half of each session (with the exception of the last epoch during the 4.0 Hz condition). In contrast, responses within the right STG (lower panel) exhibit decreasing magnitude but remain positive throughout the entire session (SPM 99, n ϭ 10, P Ͻ 0.05 corrected, T Ͼ 3.09, k Ͻ 53).
FIG. 4.
Hemodynamic responses that are characterized by a linear signal increase in parallel to rising syllable production rate were identified by a parametric analysis using repetition frequency as a covariate. Both clusters of voxels showing this response pattern are localized symmetrically within the cerebellum (H VI) as displayed by the maximum intensity projection into the glass brain. SPM-coordinates are given in square brackets. The size of effect and the variance of signal intensity within the respective voxels as calculated in arbitrary units by SPM are displayed separately for the three different production frequencies. Note that responses at 2.5 Hz have a negative direction, i.e., the fMRI-signal at paravermal positions of the cerebellum drops below baseline (SPM 99, n ϭ 10, P Ͻ 0.05 corrected, T Ͼ 3.09, k Ͻ 53).
decrease of responses within this area might parallel declining attentional demands across performance of the same task during four subsequent epochs. Diminution of the hemodynamic responses within the right STG on the other hand, conceivably reflects a habituation effect lateralized to the nondominant hemisphere because a train of syllables was used as the pacing signal.
In order to reduce motion artifacts, covert syllable production served as the paradigm of speech motor control evaluation in the present study. It might be argued, that this task fails to probe speech motor execution in terms of articulatory performance. The association of inner speech to speech motor control, however, has been confirmed by electromyographic investigations demonstrating action potentials of the vocal tract musculature during silent speaking (Sokolov, 1972) and functional imaging studies showing similar activation patterns of the motor system during covert and audible word generation (Yetkin et al., 1995) . However, in a recent fMRI study comparing speaking and singing, aloud and silently, activation of the left anterior insula was restricted to overt word production (Riecker et al., 2000) , demonstrating that at least some differences in the localization of brain activation exist between covert and overt speech motor control.
Acoustic pacing of syllable repetitions raises a further methodological issue to be addressed. Since the frequency of acoustic stimuli increased in parallel with syllable repetition rates, the auditory input might have influenced the observed activation differences within the motor system. Activation of all areas referred to, however, has been observed in a variety of speech tasks even under conditions of internally generated utterances. It seems implausible therefore, that hemodynamic responses within SMA, MC, putamen, and cerebellum predominantly reflect "pure" perception of the acoustic pacing signals. On the contrary, the motor theory of speech perception proposes that an involuntary articulatory representation of verbal utterances contributes to the identification of speech sounds (Libermann, 1996) . Activation of the motor system during "pure" perceptional tasks, thus, might reflect inner speech processes (Ackermann et al., 1998) .
In conclusion, the present study gives support to the suggestion drawn from clinical observations that the various subcomponents of the central motor system differently contribute to speech motor control depending on syllable production rate. To further characterize the specific role of the various cortical and subcortical areas involved, production of different articulatory gestures at various frequencies and different rhythmic patterns must be evaluated. The delineation of distinct neuronal systems subserving speech motor control might prove helpful in understanding the pathophysiological and anatomical basis of dysarthric syndromes as well as neuronal reorganization after damage to the respective structures.
